Introduction {#S1}
============

Translational research holds the promise to leverage basic scientific findings into advances for human health. Studies in animal models play an important role in this process, enabling the precise delineation of the mechanisms underlying behavior in humans, in whom such fine-scale resolution is difficult to achieve. A critical requirement for the success of this translational approach is that the phenotypes of interest are consistent across species. In the present study, we show that a single nucleotide polymorphism (SNP) in the *fatty acid amide hydrolase* (*FAAH*) gene of the endocannabinoid system has parallel molecular, neural, and behavioral effects in both humans and mice engineered to express the variant human allele, filling an important translational gap.

The endocannabinoid system has been implicated in human anxiety^[@R1],\ [@R2],\ [@R3]^. Anandamide (AEA), an endogenous cannabinoid (eCB) agonist at the CB~1~ receptor, is proposed to play a central role in this effect^[@R2],\ [@R4]^. FAAH is a catabolic enzyme and primary regulator of AEA signaling in the brain^[@R5]^. In humans, differential expression of FAAH protein is associated with a common SNP (C385A; rs324420) of which \~38% of individuals of European descent are carriers (AC, AA genotypes)^[@R6]^. This polymorphism leads to the substitution of an evolutionarily conserved proline at amino acid position 129 with a threonine residue, which in turn renders the FAAH protein more vulnerable to proteolytic degradation. Accordingly, the *FAAH* C385A SNP enhances eCB signaling by reducing steady state levels of FAAH protein, which leads to elevated AEA levels^[@R7],\ [@R8],\ [@R9]^. Pharmacologic manipulations and genetic knockout of *FAAH* have been implicated in anxiolytic behaviors including enhanced fear extinction learning^[@R2],\ [@R10],\ [@R11]^. However, the ability to characterize the effects of the FAAH variant in the brain has been limited, since the variant is only present in humans. Here, we describe the development of a knock-in mouse that expresses the variant A (threonine) allele of the *FAAH* polymorphism in place of the conserved ancestral C (proline) allele, enabling the demonstration of parallel molecular, circuit-level, and behavioral phenotypes in humans and in the knock-in mice carrying this variant.

Results {#S2}
=======

Generation and validation of FAAH C385A knock-in mice {#S3}
-----------------------------------------------------

We examined molecular and biochemical effects in the FAAH knock-in mouse to determine if they paralleled effects of the human SNP ([Fig. 1a, b](#F1){ref-type="fig"}). Specifically, human carriers of the A allele have been shown to have reduced FAAH protein levels in their lymphocytes due to protein folding abnormalities and increased proteolytic breakdown, leading to elevated plasma levels of AEA^[@R7],\ [@R8],\ [@R9]^. A fundamental question has been whether these alterations observed in peripheral tissues reflect parallel modulation of the eCB system by this SNP in the brain. In the FAAH knock-in mouse, analysis of relative protein expression levels in the forebrain showed a main effect of genotype on FAAH protein levels (ANOVA with post-hoc Dunnett's test \[F(2,6)=8.96, *P* \< 0.02\]) with an allele dose-dependent decrease in FAAH levels among knock-in mutants ([Fig. 1c](#F1){ref-type="fig"}; [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). There was also a main effect of genotype on FAAH hydrolytic activity (ANOVA with post-hoc Dunnett's test \[F(2,12)=7.89 *P* \< 0.01\]) ([Fig. 1d](#F1){ref-type="fig"}) and AEA levels (ANOVA with post-hoc Dunnett's test \[F(2,11)=7.25, *P* \< 0.02\]) ([Fig. 1e](#F1){ref-type="fig"}), but not for the levels of the endocannabinoid, 2-arachidonoylglycerol (2-AG), which is not a FAAH substrate ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). There was also no genotypic effect on the maximal binding site density for the CB~1~ receptor ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). This mouse model provides the first demonstration of biochemical changes within the brain due to the *FAAH* C385A SNP and mirrors its reported effects in human lymphocytes. These findings validate that the FAAH C385A knock-in mouse recapitulates the known molecular and biochemical phenotypes of the human *FAAH* C385A polymorphism supporting its use as a model of higher-level neural and behavioral phenotypes.

Enhanced fronto-amygdala connectivity in humans and mice {#S4}
--------------------------------------------------------

We tested for cross-species translation in genotypic effects of *FAAH* on fronto-amygdala circuitry and function in mice and humans with the variant A allele. In humans, *FAAH* C385A has been associated with variation in reactivity to threat^[@R1]^. However, it is unclear how the *FAAH* C385A polymorphism might alter the circuitry implicated in this behavioral domain. Fear conditioning studies in animal models suggest that dynamic interaction between the amygdala and two subregions of the prefrontal cortex (PFC) can drive opposing behavioral responses to threat^[@R12],\ [@R13],\ [@R14],\ [@R15]^. Whereas the prelimbic region (PL) promotes fear expression, the infralimbic region (IL) constrains the regulation of threat responses. Neuroimaging studies examining correlates of these opposing behaviors in humans suggest that a dorsal anterior cingulate cortex (ACC) region exhibits functional parallels to rodent PL and a subgenual region of ventromedial PFC (vmPFC) exhibits functional parallels to rodent IL^[@R16],\ [@R17],\ [@R18],\ [@R19]^.

We performed species-specific connectivity analyses focusing on key regions within the fronto-amygdala circuitry that regulate fear responses and fear extinction learning. First, we examined resting state connectivity between the subgenual vmPFC and amygdala and the dorsal ACC and amygdala in humans by genotype. A-allele carriers ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}) showed increased correlations between the blood oxygen level-dependent (BOLD) signals in the vmPFC and the bilateral amygdala \[t(34)=2.71, *P* = 0.037\] ([Fig. 2a](#F2){ref-type="fig"}; [Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}; Bayesian statistical analysis in [Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}). This pattern was selective to subgenual vmPFC--amygdala connectivity with no genotypic difference in dorsal ACC-amygdala connectivity ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}). A substantial literature suggests that stronger inverse functional connectivity between the vmPFC and the amygdala during emotion-related tasks is associated with decreased anxiety or negative emotion^[@R20],\ [@R21],\ [@R22]^. In contrast, positive resting state functional connectivity between these regions has been associated with lower anxiety^[@R23],[@R24],\ [@R25]^. Our present finding is consistent with this broader literature suggesting that greater positive corticoamygdala connectivity at rest predicts more effective emotional control^[@R26],[@R23]^.

To delineate the precise location and directionality of genotypic differences in fronto-amygdala circuitry we used anterograde (adeno-associated virus expressing enhanced green fluorescent protein; AAV2-eGFP) and retrograde (fluorogold) tracers in our FAAH knock-in mouse. These tract-tracing experiments revealed increased projections from IL to basolateral amygdala (BLA) in mice \[FAAH^A/A^\>FAAH^C/C^; two-tailed Student's *t*-test, *P* \< 0.001\], but no genotypic differences in ascending projections from BLA to IL \[FAAH^A/A^\>FAAH^C/C^; two-tailed Student's *t*-test, *P* \> 0.56\] ([Fig. 2b, c](#F2){ref-type="fig"}). Mirroring the human imaging findings, we found no genotypic differences in descending or ascending projections between the PL and BLA in the mouse ([Supplementary Fig. 6a, b, c](#SD1){ref-type="supplementary-material"}). Selective increases in descending IL-amygdala projections offer a structural neuroanatomical basis for the increased functional connectivity in fronto-amygdala circuitry in human A-allele carriers and may help explain reported genotypic differences in emotion regulation^[@R1]^.

Enhanced cued fear extinction in humans and mice {#S5}
------------------------------------------------

Building on our biochemical and circuit-level genotypic differences in mice and humans, we tested for behavioral effects of this variation across species in parallel fear extinction experiments. The selective increase in connectivity within an established fear regulatory circuit (IL-BLA projection) in the mouse and the homologous vmPFC-amygdala circuit in human, led to the *a priori* prediction that A-allele carriers would show improved fear extinction learning but no difference in fear acquisition. These predictions are consistent with reported effects of pharmacological and genetic knockout manipulations of FAAH expression in mice^[@R2],\ [@R27],\ [@R28]^. We tested humans (22 CC-alleles, 18 A-allele carriers; [Supplementary Table 2](#SD1){ref-type="supplementary-material"}) and mice using cued fear conditioning with extinction on the following day. In humans, there was no main effect of FAAH genotype on fear acquisition ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}) but there was an effect of genotype on fear extinction. Namely, human A-allele carriers exhibited facilitated fear extinction learning, as indexed by decreased galvanic skin responses during late trials of extinction training \[F(1,36)=4.35, *P* = 0.044\], controlling for age and gender effects between genotypic groups ([Fig. 3a](#F3){ref-type="fig"}; [Supplementary Fig. 4b](#SD1){ref-type="supplementary-material"}; Bayesian statistical analysis in [Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}). Parallel findings in mice showed a significant effect of genotype on freezing behavior during extinction (ANOVA with post-hoc Bonferroni test \[F(2,116)=6.8, *P* \< 0.01\]) ([Fig. 3b](#F3){ref-type="fig"}), with heterozygous \[*P* \< 0.05\] and homozygous \[*P* \< 0.01\] FAAH C385A mice showing less freezing behavior compared to wild types in late trials, but no difference in early trials ([Fig. 3b](#F3){ref-type="fig"}) or in fear acquisition ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}). These parallel effects of enhanced fear extinction in FAAH A-allele carriers have not previously been established for both mice and humans.

Decreased anxiety levels in humans and mice {#S6}
-------------------------------------------

We further characterized the anxiolytic phenotype of the FAAH variant A allele in both mice and humans using standard measures of anxiety-related behaviors. Given that our results demonstrated enhanced fear extinction in human and mouse FAAH A-allele carriers, we predicted they would also show reduced anxiety^[@R1],\ [@R2],\ [@R10],\ [@R27],\ [@R28],[@R29]^. In 137 humans ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}), A-allele carriers reported reduced levels of trait anxiety \[t(135)=2.30, *P* = 0.019\] ([Fig. 4a](#F4){ref-type="fig"}; [Supplementary Fig. 4c](#SD1){ref-type="supplementary-material"}; Bayesian statistical analysis in [Supplementary Fig. 5c](#SD1){ref-type="supplementary-material"}); this effect was replicated in our separate fear extinction cohort ([Supplementary Table 2; Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). In mice, we performed two standard measures of anxiety-like behaviors that involve placing subjects in conflict situations. In the elevated plus maze (EPM) test, homozygous mutant mice spent a higher percentage of time in the open arms than wild-type controls (ANOVA with post-hoc Dunnett's test \[F(2,37)=2.89, *P* \< 0.04\]), indicative of reduced anxiety-like behavior ([Fig. 4b](#F4){ref-type="fig"}). There was no significant difference in total distance traveled ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). In the novelty-induced hypophagia (NIH) task, mice were trained to approach a reward (sweetened milk) in their home cage and then tested in a novel, brightly lit environment. For this task, the latency to approach and drink the sweetened milk in the novel environment is a measure of anxiety-related behavior^[@R30]^. FAAH C385A mice showed decreased latency to drink milk in the NIH task, suggesting decreased anxiety phenotype (ANOVA with post-hoc Dunnett's test \[F(2,44)=5.83, *P* \< 0.01\]) ([Fig. 4c](#F4){ref-type="fig"}). To investigate the neural correlates of the observed anxiolytic effects, we examined neural activity, as indicated by expression of the early immediate gene *c-Fos*^[@R31]^, in the BLA following the NIH task. We found a main effect of genotype on BLA c-Fos expression in mutant knock-in mice (ANOVA with post-hoc Dunnett's test \[F(2,15)=53.92, *P* \< 0.0001\]) in a dose-dependent pattern, suggesting decreased engagement of the BLA in these mice during a stressful experience ([Fig. 4d](#F4){ref-type="fig"}). This reduced activation of the amygdala in response to stressful situations is consistent with reductions in amygdala activity in response to threat in human FAAH A-allele carriers^[@R1]^.

Discussion {#S7}
==========

Using a vertically integrated approach with parallel studies in humans and mice, we have identified the relevance and impact of the *FAAH* C385A polymorphism on brain biochemistry, neurocircuitry, behavior and symptoms. We validate our mouse model by showing that the *FAAH* variant allele leads to reductions in FAAH protein and enzymatic activity and increases in AEA levels in the brain. Our subsequent analyses in humans and mice elucidated circuit level and behavioral phenotypes not previously established in human carriers of this variant. We found enhanced fear extinction in both humans and mice with the C385A mutation. In addition, our finding of selectively enhanced fronto-amygdala connectivity in both mouse and human A-allele carriers provides a mechanistic explanation for these behavioral effects through enhanced regulation of BLA responses to threat by the IL. Non-replication of candidate gene association studies has been a major problem within the field of behavioral genetics. Here, we have used a parallel mouse-human experimental approach which enables greater control for environmental and genetic confounds. The convergent findings reported here establish that effects of genetic variation in *FAAH* are evident at neural and behavioral levels in both the mouse and in humans, providing a persuasive cross-species validation. Thus, this variant SNP may represent a gain-of-function in the domain of anxiety-related behaviors and may prove valuable in determining for whom and for what symptoms FAAH inhibitors or exposure-based therapies that build on basic principles of extinction learning will be most efficacious. In this way, therapeutics might be tailored to an individual to move from standard care to more precise personalized care. A persistent problem identified in animal models of disease is a failure of the findings to translate to the human in clinical trials. Our studies translate mouse behavioral and brain findings to show their human relevance using parallel paradigms and imaging tools across species. Thus, the present results obtained using this integrated approach bridge a large translational gap from mouse to human.

Methods {#S8}
=======

Generation of FAAH C385A Mice {#S9}
-----------------------------

The replacement targeting vector consisted of a 9.53kb mouse genomic fragment containing exons 2--9 FAAH-coding sequence. In a 1.6kb fragment containing the *FAAH* coding region, the C385A mutation was introduced and put back into the targeting vector. The FRT-Neo cassette was introduced via homologous recombination as a positive selection marker. A pGK-thymidine kinase cassette was used as a negative selection marker. The targeting vector was comprised of a 1.88kb short arm, a 5.52kb long arm, a 9.53kb targeted sequence carrying the C385A mutation, and the Neo cassette flanked by two FRT sites. Linearalized targeting vectors were electroporated into iTL BA1 (C57BL/6N × 129/SvEv) hybrid embryonic stem cells. DNA derived by G418-resistant ES clones were screened using a diagnostic SspI and BamHI restriction enzyme digestions. Recombinant clones containing the predicted 8.6 and 10.4kb rearranged bands were obtained at a frequency of 5 in 100. Two positive ES clones were injected into C57BL/6 blastocysts, which were then introduced into pseudopregnant females. Chimeric animals were mated with C57BL/6 to produce heterozygous animals, and these mice were subsequently crossed with C57LB/6 mice expressing FLP recombinase in germ cells to excise the neo cassette. Upon weaning, all genotypes were housed together and randomly assigned to experimental groups. Sample size was chosen based on previous literature for each experimental procedure. All analyses were performed on mice back-crossed at least 7 generations onto the C57BL/6 genetic background.

Western Blot Analysis {#S10}
---------------------

Samples of brain lysates were prepared as described previously^[@R32]^. Briefly, brain tissue was incubated in RIPA lysis buffer (150mM NaCl, 50mM Tris pH 8, 5mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate) with protease and phosphatase inhibitors (1:100, Calbiochem \#539131 and \#524625, respectively). Samples were triturated, rotated at 4°C for 30 minutes then spun down at 14,000 rpm for 10 minutes at 4°C. The supernatant was collected and cell debris discarded. Protein concentration was measured using a BCA kit. To measure FAAH levels, 10mg of forebrain lysate was resolved by SDS/PAGE electrophoresis (NuPAGE 10% Bis-Tris gel; Invitrogen \#NP0315) and probed with antibodies: mouse monoclonal anti-FAAH (Abcam, ab54615; 1:500) and goat polyclonal anti-actin (Santa Cruz, sc-1616HRP; 1:5000) were used. As a positive control, 293T cells purchased from American Type Culture Collection (ATCC) were transfected with 1mg mouse FAAH cDNA clone (Origene, NM_010173), and lysates were processed in parallel. Forebrain lysate from FAAH knockout mice^[@R5]^ were used as a negative control.

FAAH Activity Assay {#S11}
-------------------

FAAH activity from forebrain lysates was measured as the conversion of AEA labeled with \[^3^H\] in the ethanolamine portion of the molecule (\[^3^H\]AEA) to \[^3^H\]ethanolamine as reported previously^[@R33]^. Membranes were incubated in a final volume of 0.5 ml of TME buffer (50mM Tris-HCl, 3.0mM MgCl~2~, and 1.0mM EDTA, pH 7.4) containing 1.0mg/ml fatty acid-free bovine serum albumin and 0.2nM \[^3^H\]AEA. Isotherms were constructed using eight concentrations of AEA at concentrations between 10nM and 10µM. Incubations were carried out at 37°C and were stopped with the addition of 2ml of chloroform/methanol (1:2). After standing at ambient temperature for 30 minutes, 0.67ml of chloroform and 0.6ml of water were added. Aqueous and organic phases were separated by centrifugation at 1,000rpm for 10 minutes. The amount of \[^3^H\] in 1ml of the aqueous phase was determined by liquid scintillation counting and the conversion of \[^3^H\]AEA to \[^3^H\]ethanolamine was calculated. The V~max~ values for this conversion were determined by fitting the data to a single site competition equation using Prism.

Lipid Extraction from Tissue for eCB Levels {#S12}
-------------------------------------------

For analysis of endocannabinoid content, brain regions were subjected to a lipid extraction process. Forebrain tissue samples were weighed and placed into borosilicate glass culture tubes containing 2ml of acetonitrile with 5pmol of \[^2^H~8~\]anandamide and 5nmol of \[^2^H~8~\]2-arachidonoylglycerol for extraction. Tissue was homogenized with a glass rod and sonicated for 30 minutes on ice. Samples were incubated overnight at −20°C to precipitate proteins then centrifuged at 1,500*g* to remove particulates. The supernatants were removed to a new glass tube and evaporated to dryness under N~2~ gas. The samples were resuspended in 300µl of acetonitrile to recapture any lipids adhering to the glass tube, and dried again under N~2~ gas. Finally, lipid extracts were suspended in 20µl of acetonitrile, and stored at −80°C until analysis.

Mass Spectrometrical Detection of eCBs {#S13}
--------------------------------------

Liquid chromatography mass spectrometry (LC-MS/MS) analyses were carried out on an Eksigent ekspert^™^ micro LC 200 coupled with an AB Sciex Qtrap^™^ 5500 mass spectrometer, installed with a Turbo V^™^ Spray ion source (AB Sciex, Canada). The LC was equipped with a temperature-controlled CTC autosampler. An Eksigent HALO C18 HPLC column (1 × 50mm, 2.7µm particle diameter, 90Å pore size) was used. Samples were analyzed isocratically, at a flow rate of 30µl/minute and a solvent composition of 15% mobile phase A (10mM ammonium acetate in water), and 85% mobile phase B (acetonitrile). After 3.25 minutes, the column was regenerated with 100% B. Before each injection, the column was re-equilibrated at the initial mobile phase condition for 2 minutes. Following each LC-MS/MS run, a blank was run. The sample injection loop (5µL loop size) was rinsed with 40µL of methanol, and the column purged for 5 minutes with 100% B for 4.5 minutes and followed by 85% B for 0.5 minutes. This was intended to mitigate cross contaminations due to carryover from preceding sample injections. The LC column was maintained at 25°C, and the samples at 10°C.

The mass spectrometer was operated in positive ion mode, with the ion-spray voltage set at 5500V, curtain gas at 20 (arbitrary units), source gas 1 and gas 2 both at 40 (arbitrary units), and source temperature at 300°C. Protonated molecular ions of AEA (m/z 348) and AEA-d8 (m/z 356), and ammonium adduct ions of 2-AG (m/z 396) and 2-AG-d8, (m/z 404) were selected as the respective precursor ions for CID. MRM scan modes were used with Q1 and Q3 both at unit resolution. Optimized collision energies for the transitions were as follows: AEA (348 to 62) CE 22V, AEA-d8 (356 to 62) CE 22V, 2-AG (396 to 287) CE 15V; and 2-AG-d8 (404 to 294) CE 17V.

Each brain tissue extract sample was further diluted in ACN to yield a 100-fold diluted sample, for the LC-MS/MS quantification of 2-AG, while the undiluted extract sample was analyzed directly for quantification of AEA. It has been reported that 2-AG undergoes spontaneous isomerization converting to 1-AG by acyl group migration during tissue extraction and reconstitution procedures. We also observed that 1-AG was present in authentic standard solutions of 2-AG, as well as brain tissue extracts. Peak areas of 1-AG and 2-AG were combined to establish a standard calibration curve for 2-AG. The data processing was accomplished using Analyst® 1.5.2 software (AB Sciex). Linear regressions of relative peak areas (analyte to IS ratios) were performed over analyte concentrations from 0.00025 to 0.25pmol/µl (AEA), and 0.0025 to 2.5pmol/µl (2-AG). Analyte levels were normalized to tissue weight.

CB~1~ Receptor Binding Assay {#S14}
----------------------------

CB~1~ receptor agonist binding parameters were determined using radioligand binding using a Multiscreen Filtration System with Durapore 1.2-**l**M filters in 96-well filter plates (Millipore, USA) through a protocol previously described^[@R34]^. Incubations (total volume=0.2mL) were carried out using TME buffer containing 1mg/ml bovine serum albumin (TME/BSA). Membranes (10µg protein per incubate) were added in triplicate to wells containing 0.1, 0.25, 0.5, 1.0, 1.5 or 2.5nM \[3H\]CP 55,940 (American Radiochemicals, USA), a cannabinoid CB~1~ receptor agonist, and incubated for 1hr at room temperature on an orbital shaker. Ten micromolar AM251 (Tocris Biosciences, USA) was used to determine non-specific binding. B~max~ (maximal binding site density) values were determined by nonlinear curve fitting of specific binding data to the single site binding equation using GraphPad Prism (GraphPad, USA).

Behavioral Overview {#S15}
-------------------

In order to reduce experimental variability, age-matched littermate pairs resulting from heterozygous crossings were randomly assigned to experimental groups. Only adult male mice were used for all experiments. All behavioral measurements were performed by observers blind to genotype. All animals were kept on a 12:12 light-dark cycle at 18°C\~22°C with food and water available ad libitum unless noted otherwise. All procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College.

Cued Fear Conditioning and Extinction Procedure {#S16}
-----------------------------------------------

The task was conducted as described previously^[@R35]^. Briefly, the fear conditioning apparatus consisted of a mouse shock-chamber (Coulbourn Instruments, USA) placed in a sound-attenuated box. On day 1 (acquisition), after a 2 minute acclimation period to the conditioning chamber (scented with 0.1% peppermint in 70% EtOH), mice were fear conditioned with three tone-shock pairings, consisting of a 30-second presentation of a tone (conditioned stimulus; 5 kHz, 70 dB) that coterminated with a 0.7mA foot shock (unconditioned stimulus) during the last 1.0s of the tone with an intertrial interval (ITI) of 30 seconds. Mice remained in the conditioning chamber for 1 minute before being returned to their home cages. Twenty-four hours after fear acquisition, mice were exposed to 5 presentations of the tone in the absence of shock (extinction). To eliminate any confounding interactions of contextual fear, tones were presented in a novel context, consisting of a white cylindrical arena (scented with 0.1% lemon in 70% EtOH). Tone presentations lasted for 30 seconds with an ITI of 30 seconds. After the final tone presentation, mice remained in the conditioning chamber for 1 minute before being returned to their home cages. Fear extinction trials were repeated daily for a total of 4 days of extinction training. Graphic State 3.02 software was used to control experiments. Mice were videotaped for subsequent analysis. Freezing was defined as the absence of visible movement except that required for respiration^[@R36]^. The percentage time spent freezing was calculated by dividing the amount of time spent freezing during the 30-second tone presentations by the duration of the tone.

Elevated Plus Maze (EPM) Procedure {#S17}
----------------------------------

The EPM task was conducted as described previously^[@R37]^. The maze was constructed of grey Plexiglas, raised 70 cm above the floor, and consisted of two opposite closed arms with 14cm high opaque walls and two opposite open arms of the same size (29cm × 6cm). The maze was set up under a digital camera connected to a video recorder and computer under the control of Ethovision XT 5.0 software (Noldus, USA) to live track subject movements. A single testing session of 10 minutes was carried out under dim light (\~6 Lux in center of maze). To begin a trial, the animal was placed in the center of the maze facing an open arm. The maze was cleaned with a 70% ethanol solution between trials to eliminate possible odor cues left by previous subjects. Measures of anxiety-like behavior were assessed by calculating the percentage time spent in the open arms by dividing the amount of time spent in the open arms by the duration of the trial (10 minutes).

Novelty Induced Hypophagia (NIH) Procedure {#S18}
------------------------------------------

The task was conducted as described previously^[@R38]^. Briefly, mice received 3 consecutive days of training (Day1--3) prior to testing in a room with dim lighting in order to acclimate to the milk and the manner in which it is administered (metal nozzle). Training consisted of presenting the mice with a standard dual bearing sipper tube (5oz. bottle) inserted between the wire bars of the home cage lid containing 90% sweetened condensed milk diluted in tap water. On day 4, mice underwent home cage testing in which all mice were placed into a holding cage and then returned to the home cage one at a time for testing in dim lighting. The latency to drink was recorded over a 10-minute period. Mice that did not approach the sipper bottle during the home cage test were excluded from the study (4 mice total). There were no baseline differences in latency to drink between groups in the home cage test. On day 5, novel cage testing was conducted by placing a single mouse into a clean cage with no bedding of the same dimensions as their home cage, but under bright conditions and with a white piece of paper under the cage. Excess light was focused specifically on the sipper bottle. Mice were again presented with a sipper tube containing 90% sweetened milk and the latency to drink over a 10-minute period was reported as a measure of anxiety-like behavior.

c-Fos Immunohistochemistry {#S19}
--------------------------

All experiments were carried out at room temperature, as previously described^[@R38]^, unless otherwise specified. 90 minutes after exposure to experimental factors, mice were sacrificed by intraperitoneal injection of Euthasol and perfused through the heart with 30ml of saline followed by 90ml of 4% paraformaldehyde in 0.1M sodium phosphate (pH 7.4) at flow rate of 30ml/min. Brains were removed and post-fixed overnight in 4% paraformaldehyde before transferred to 30% sucrose in 0.1M sodium phosphate (pH 7.4) for 48 hours at 4°C. Brains were frozen in powdered dry ice and stored at −20°C until sectioning. Coronal sections (40µm) of whole brain were cut by using sliding microtome frozen by powdered dry ice. Six sets of serial sections were collected in Ependoff tubes each containing 2ml cryoprotectant (30% glycerol and 30% Ethylene glycol in 0.1 M sodium phosphate, pH 7.4) and stored at −20°C. Free-floating serial sections (take 1 every third) were washed (3 times for 10 minutes each) in TBS, incubated for 30 minutes in a blocking solution containing 4% normal horse serum (NHS) and 1% bovine serum albumin (BSA) in TBS with 0.2% Triton X-100 (TBS-Tx), and incubated overnight at 4°C with rabbit anti-c-Fos primary antibody (c-Fos sc-52, Lot\# F2209, Santa Cruz Biotechnology, USA; sc-52 antibody was raised against amino acids 3--16 of human c-Fos: SGFNADYEASSSRC) diluted 1:1000 mixed with goat anti-parvalbumin primary antibody (1:2000, Lot\# PVG 214, Swant, Switzerland) in the blocking solution mentioned above. Sections were then washed in TBS and incubated for 2 hours with Alexa Fluor labeled donkey anti-rabbit and anti-goat IgG secondary antibodies (Alexa Fluor 555 and 488) diluted 1:500 in TBS-Tx. Sections were again washed, mounted on chromalum/gelatin-coated slides, and air-dried for 2 hours in dark. Slides were cover slipped by water-soluble glycerol based mounting medium containing DAPI, and sealed with nail polish. Estimation of cell density of c-Fos positive neurons in amygdala was performed with StereoInvestigator 9.0 (Microbrightfield, USA). Briefly, serial sections (every third section - 120µm were numbered by rostra-caudal order, and contours of BLA was traced by referring to the Allen Brain Map (Allen Co., USA). For the boundaries of the amygdala, we used parvalbumin counter-stain combined with DAPI to yield a clear boundary for sub-nuclei or layers. All cells across all sections per animal were counted. Individual cell density was calculated for each mouse by dividing the total sampled cell numbers by the total volume of the region.

Stereotaxic Injections of Tracers {#S20}
---------------------------------

Mice were microinjected with 10nl of 4% fluorogold (FG) (Fluorochrome, USA) retrograde tracer in neutral saline or 50nl of adeno-associated virus 2 expressing enhanced green fluorescent protein (AAV2-eGFP) (CMV promoter, 5×10^11^ VG/ml, Vector Biolabs, USA) into the prelimbic (PL) (anterior-posterior =1.9mm, medial-lateral=0.4mm, dorsal-ventral=1.98mm) or infralimbic (IL) (anterior-posterior=2.0mm, medial-lateral=0.3mm, dorsal-ventral=2.0mm) prefrontal cortex. Mice were anesthetized with an intraperitoneal injection of ketamine and xylazine cocktail at 0.1ml/10g body weight and mounted on a stereotaxic alignment system (David Kopf Instruments, USA). After surgical exposure of skull, 3% of H~2~O~2~ solution was applied to enhance sutures and bregma. Stereotaxic coordination was performed by using an electrical drill mounted on a manipulator (David Kopf Instruments, USA) and microinjection was performed by Nanoject II (Drummond Scientific Nanoject II, Fisher Scientific, USA). Small deposits of FG or AAV2-eGFP tracers were pressure-injected 3 times over 2 minutes each into IL or PL using glass micropipette (tip diameter 25µm). The needle was left in place for additional 10 minutes to prevent leakage up the needle track and then slowly withdrawn.

Following a survival time of 7 days after FG injections or 10 days after AAV2-eGFP injections, animals were deeply anesthetized with Euthasol 0.1ml/10g body weight and perfused through the heart with 30ml of 0.9% saline followed by 120ml of cold 4% paraformaldehyde in a 0.01M sodium phosphate buffer (25ml/min) using Perfusion Two automated pressure perfusion system (Leica Microsystems, USA). Brains were removed and post-fixed with 4% paraformaldehyde in a 0.01M sodium phosphate buffer at 4°C overnight then transferred to a sucrose solution (30% sucrose in 0.1M PB) at 4°C for 48 hours. Coronal sections were cut on a freezing microtome (40µm). One section in every three was immediately mounted. The remaining sections were stored in cryoprotectant solution (30% Glycerol, 30% ethylene glycol and 40% 0.25M PB) at −20°C. The mounted sections were air dried for at least 3 hours and cover-slipped by using a FG-enhancing solution (10% SiO~2~, 0.1M Tris, pH 11).

Injection sites were confirmed by referring to Allen Mouse Brain Map (Allen Co., USA). Sections were observed under Nikon 80i fluorescent microscope with a DAPI/FITC/Rhodamine Tri-color filter. Digital photography was performed using a MicroFire camera and FireFrame software (Optronics, USA) and stereological estimation of cell density was performed using StereoInvestigator software (MicroBrightfeild, USA). Contours of the basolateral amygdala (BLA) were drawn and random sampling was applied to contours. Total volume of BLA was estimated using Cavalieri method. Total cell numbers were estimated by Fractionator with counting frame size 25×25×40µm and sampling grid size 100×100µm. Cell density was calculated by total cell number divided by total volume. Detection of fiber density was performed using a stereological method^[@R39]^. Briefly, sections were traced under 4× lens then perimetrics probe analysis was done under a 40× lens. Counting frame was set to 25×25µm and radius of Merz coherent test system was set to 5µm. Total length of all sampling sites was automatically calculated. For each animal, fiber density is obtained from the sum of the lengths divided by the sum of the areas for all sections.

Human Participants {#S21}
------------------

All participants reported no past, present, or first-degree family history of a psychiatric or neurologic disorder and no history of head trauma. Imaging participants were also all right-handed and pre-screened for MRI contraindications (e.g. metal plates or implants, braces). All participants submitted written informed consent approved by the Institutional Review Board prior to the study. Compensation was provided as described in their written consent form. In total, 240 participants took part in this study. Each experiment was conducted on an independent cohort of subjects ([Supplementary Table 1--3](#SD1){ref-type="supplementary-material"}).

Human Genotyping {#S22}
----------------

Human subjects provided saliva samples (Oragene, DNA Genotek Inc., Canada) from which we extracted genomic DNA according to the manufacturer's standard protocol. Genotyping for the *FAAH* C385A polymorphism (rs324420) was performed using a Taqman 5' exonuclease assay (assay C\_\_\_1897306_10, Applied Biosystems, USA) run on an Applied Biosystems 7900HT real time thermal cycler. Genotypes were called using Sequence Detection System software version 2.3. All samples that did not result in automated genotype calls were re-run in duplicate and those samples that provided concordant genotypes called by visual inspection on re-run were used for analysis.

Image Acquisition {#S23}
-----------------

All subject MRI data were collected with a Siemens MAGNETOM TrioTim MRI scanner (Siemens Medical Solutions, Germany). From each subject, we acquired a high-resolution, T1-weighted anatomical scan (256×192 in-plane resolution, 240mm field of view, 160 1.2mm slices) for normalization to a standard template^[@R40]^. Functional imaging data were pooled from multiple studies, resulting in slight differences in functional acquisition parameters. All functional data were collected using echo-planar imaging with interleaved acquisition. A representative example of specific acquisition parameters is: TR=3000ms echo time=30ms, field of view=240mm, flip angle=90°, 46 slices of 3.8×3.8×3.5mm voxels. During each resting state run, subjects were presented with a white visual fixation crosshair on a black background. They were asked to stay awake and refrain from movement during the task. Subjects completed either 1 run of 128 TRs or 2 runs of 150 TRs (see *[Imaging Data Preprocessing and Analysis]{.ul}* showing similar genotypic effects regardless of number of acquisitions).

Imaging Data Preprocessing and Analysis {#S24}
---------------------------------------

All subject's resting state data underwent identical preprocessing steps. Imaging data were processed using Analysis of Functional Neuroimages (AFNI) software tools^[@R41]^. Scans were slice-time corrected for temporal alignment to this first slice of each volume. Calculations were then performed for rigid-body alignment of all functional volumes to the first series functional volume, rigid-body alignment of the subject's anatomical scan to their first functional volume, and nonlinear transformation of the subject anatomical to the standard template. These three transformation matrices were combined and applied in a single step to minimize interpolation error. Functional scans were blurred to a target FWHM of 4.0mm.

To minimize effects of motion on resting state fMRI data, we followed recent recommendations for motion artifact correction^[@R42]^. Functional volumes exceeding a 0.2mm framewise displacement, along with the preceding volume, were censored and excluded from all further preprocessing steps. A general linear model (GLM) was used to compute the effects of 27 parameters: 6-motion parameters and their 6 first-derivatives, as well as average time courses from an eroded white-matter mask, and eroded grey-matter mask, and global signal. In addition, band-pass filtering (0.01 to 0.1Hz) and regression were applied concurrently on sub-motion-threshold TRs only to avoid reintroduction of noise from unfiltered regressors^[@R43]^. The error term of this GLM was used for subsequent analysis.

We compared connectivity between *a priori* cortical areas of interest and the amygdala. First, time series were extracted from subgenual vmPFC and dorsal ACC seed regions of interest (ROIs). We drew 4mm spherical ROIs around the center of activation of these two brain regions areas as defined in previous studies presenting convergent functional or structural evidence of a role for these regions in fear expression (dorsal ACC) or regulation (subgenual vmPFC)^[@R18],\ [@R19]^. These seeds overlap with regions of activation correlating with fear regulation and expression from several other fear conditioning studies^[@R44],\ [@R45],\ [@R46]^. A target ROI was constructed using a standard-based atlas, forming a bilateral mask of the amygdala. We calculated the mean correlation coefficient between each seed ROI and the target ROI. These values were Fischer-transformed then compared between subject groupings based on FAAH C385A genotype.

Due to the potential of temporal and frontal lobe signal dropout, we manually checked each subject for coverage of ROIs before including them in the final analysis. Only subjects with complete coverage of both seed ROIs and the target ROI were selected. We observed no volumetric structural differences between genotypic groups in either of our cortical ROIs (data not shown). These data were analyzed including covariates of age, gender, ethnicity, and number of resting state scans. The main effect of genotype remained significant for subgenual vmPFC -- amygdala connectivity \[F(8,26)=4.88, *P* = 0.036\] and there was no effect of dorsal ACC -- amygdala connectivity \[F(8,26)=0.68, *P* = 0.080\].

Human Fear Conditioning and Extinction Procedure {#S25}
------------------------------------------------

We utilized a two-day fear conditioning/extinction paradigm. Acquisition occurred on experimental day 1 and extinction occurred 24 hours later on experimental day 2. Acquisition and extinction took place in different visual contexts consisting of pictures of rooms presented on the computer screen (Contexts A & B^[@R47]^). Cues were two colored windows (blue and yellow) that were otherwise black, embedded within each visual context. The unconditioned stimulus (US) was a hybrid consisting of auditory and visual components. The visual component was derived from a set of validated aversive pictures from the International Affective Picture Series^[@R48]^. The auditory component was a validated custom-designed hybrid of white noise and a 1000Hz tone with duration of one second, intensity tiered for smooth onset and offset. It was created using the software Audacity 1.2.6 and was rated as aversive in multiple independent experiments (<http://audacity.sourceforge.net>)^[@R35],\ [@R49],\ [@R50]^. Fear acquisition took place in Context A. One cue was paired with the US at a 50% reinforcement rate (CS+). Each presentation of the US consisted of the same sound and a different picture. The other cue (CS−) was never followed by the US. Participants were presented 32 trials during acquisition (8 CS+US, 8 CS+ and 16 CS−). Twenty-four hours later, participants returned for experimental day 2, which took place in Context B and consisted of a 32-trial extinction session (16 CS+, 16 CS−). Stimuli were presented in a pseudo-randomized order, defined by non-consecutive CS+USs during conditioning and no more than three consecutive squares of the same color in any session. Visual contexts, stimuli and script orders were counterbalanced across subjects. Fear response was measured by skin conductance response (SCR), an index of autonomic nervous system activity^[@R51]^. Differential fear responding was calculated by subtracting normalized and scaled SCR to the CS− from corresponding CS+ responses. Only subjects who showed fear acquisition (magnitude of SCR to the CS+ was greater than to the CS− during acquisition) were included in the analyses.

In this experiment, half the participants were randomly assigned to either a reconsolidation update or extinction only condition. Participants who were assigned to the reconsolidation update condition received a single presentation of the CS+, unpaired with the aversive stimulus, prior to a 10-minute rest period followed immediately by the extinction session. Controlling for the effects of this experimental condition together with age, sex and ethnicity results in a similar main effect of genotype for late trials \[F(1,32)=3.09, *P* \< 0.09\]. Genotypic differences in fear extinction learning diminished with 5 additional extinction trials \[main effect of genotype: \[F(1,32)=0.04, *P* = 0.83, CC: −0.031±0.028; AC/AA: −0.044±0.028\].

Physiological Response Measurement and Analysis {#S26}
-----------------------------------------------

Throughout fear conditioning and extinction, participant skin conductance response (SCR) was recorded via disposable electrodes attached to the distal phalanx of the second and third digits of the left hand. Electrodes came pre-filled with isotonic gel. All stimuli were presented using E-prime software (Psychology Software Tools, USA). This software sent time markers to the skin conductance recording system (MP35; Biopac, USA), which recorded and amplified SCR in combination with AcqKnowledge software (Biopac, USA).

SCR was recorded at a sampling frequency of 200Hz with a 1Hz filter and manually smoothed. After each stimulus presentation, the first SCR peak occurring within 0.5--4.5s was considered the subject's response to that stimulus. Responses, as estimated by the difference between trough and peak, were only included in analysis when greater than 0.02µS^[@R52]^. Responses smaller than this threshold were replaced with zeros during analysis. During analysis, individual SCR responses were square root transformed and scaled to that participant's largest CS+US acquisition response. Normalized SCR scores were averaged separately by stimulus type (CS+, CS−, CS+US). All presented responses were calculated as the difference between CS+ and CS− responses.

Anxiety Self-Report {#S27}
-------------------

A subset of participants ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}) completed the State Trait Anxiety Inventory (STAI-S; STAI-T) self-report questionnaires separately assessing current and general levels of anxiety^[@R53]^. These results remained significant after co-varying the effects of age, sex, and ethnicity \[main effect of genotype: F(7,129)=5.22, *P* \< 0.024\]

Statistics {#S28}
----------

When two groups were compared, data were analyzed using a Student's *t*-test. For multiple comparisons, a one-way ANOVA followed by Dunnett's post-hoc test or a two-way ANOVA followed by Bonferroni post-hoc test was used. A value of *P* ≤ 0.05 was considered to be statistically significant.

Alternative Statistical Analyses {#S29}
--------------------------------

To examine the robustness of the human findings given uncertainty about the true distribution of this data, we tested our main hypotheses using a Bayesian statistical framework. Statistical analysis was performed within the R statistical software package, version 2.15.1^[@R54]^. Bayesian statistical analyses were implemented using the "Bayesian estimation" (BEST) software package for R^[@R55]^.

STAI Replication Analysis {#S30}
-------------------------

We examined the effect of the rs324420 allele in our fear extinction cohort to determine if this behavioral genetic finding was replicable. We examined the correlation between number of mutant C385A alleles and normalized STAI-trait anxiety scores.
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![Generation and validation of FAAH C385A knock-in mice\
(**a**) A portion of coding region in the *FAAH* gene is replaced with C385A SNP. (**b**) The region encompassing the SNP has high homology between human and mouse *FAAH* genes. (**c**) FAAH protein levels in knock-in mice (FAAH^C/A^; FAAH^A/A^) and wild-type (FAAH^C/C^) littermates from 3 independent western blot analyses. Brain homogenates from FAAH^−/−^ mice, and lysates from heterologous 293 cells overexpressing FAAH, were used as controls. (**d**) FAAH hydrolytic activity, and (**e**) anandamide (AEA) content in FAAH knock-in mouse forebrain homogenates (n = 4 per group). (EA; ethanolamine) Means ± SEM presented. \**P* \< 0.05, \*\**P* \< 0.01](nihms658410f1){#F1}

![Functional and structural connectivity between ventromedial prefrontal cortex (vmPFC) and amygdala in humans and mice with FAAH C385A\
(**a**) fMRI functional connectivity compared between subgenual vmPFC (x, y, z = 0, 40, −3) and bilateral amygdala in A-allele carriers (n = 17) relative to C homozygotes (n = 18). (**b**) Anterograde tracer (AAV2-eGFP; eGFP), targeted to IL, labeled afferents in BLA in FAAH^A/A^ mice (n = 4) and controls (FAAH^C/C^; n = 4). Drawing illustrates anatomical boundaries. (**c**) Retrograde tracer (fluorogold; FG), targeted to IL, labeled BLA cell bodies in FAAH^A/A^ mice (n = 4) and controls (FAAH^C/C^; n = 4). (Scale bars: 100µm) Means ± SEM presented. \**P* \< 0.05, \*\*\**P* \< 0.001](nihms658410f2){#F2}

![Enhanced cued fear extinction in humans and mice with FAAH C385A\
(**a**) Extinction, indexed by differential skin conductance response (SCR) \[(CS+) -- (CS−)\], in 18 A-allele carriers and 22 C homozygotes. Trials were binned into early (average of the first 5 trials) and late (average of the following 6 trials). (**b**) Fear extinction, time spent freezing to cue, was tested in wild type (FAAH^C/C^; n = 21), heterozygous (FAAH^C/A^; n = 20) and homozygous knock-in mice (FAAH^A/A^; n = 20). Extinction trials were binned into early (average of extinction day 1) and late trials (average of extinction day 4). Means ± SEM presented. \**P* \< 0.05, \#*P* \< 0.05 heterozygous knock-in mice vs wild-type controls, \*\**P* \< 0.01 homozygous knock-in mice vs wild-type controls](nihms658410f3){#F3}

![Decreased anxiety in humans and mice with FAAH C385A\
(**a**) Trait anxiety levels in A-allele carriers (n = 57) and C homozygotes (n = 80). Anxiety-related behavior in FAAH C385A mice in (**b**) elevated plus maze (FAAH^C/C^, n = 17; FAAH^C/A^, n = 11; FAAH^A/A^, n = 12) and (**c**) novelty induced hypophagia (NIH) (FAAH^C/C^, n = 16; FAAH^C/A^, n = 21; FAAH^A/A^, n = 10). (**d**) Photomicrographs of NIH-induced c-Fos (red) labeling in the BLA (parvalbumin (green)) in FAAH C385A mice. Density of c-Fos immunoreactive (IR) cells in BLA, n = 5 per group. (Scale bars: 50µm upper row, 100µm lower row) Means ± SEM presented. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001](nihms658410f4){#F4}

[^1]: These authors contributed equally to this work.
